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1. Introduction

With the possible deployment of nuclear space power systems in the near future, new
missions also came nearer to realization like manned mars missions or large maneuverable
radar satel!ites or nuclear electric OTVs. One of the most promising candidates or even the
only one for the propulsion of these devices is the high power self-field
magnetoplasmadynamic thruster working in a continuous mode. Moreover, the specific
impulses reached with continuous MPD thrusters in the region between 1000 and 2000 s are
optimal in respect of mass savings and trip times for near earth missions, as shown in some
recent mission studies [1,2].

But as yet, the high power range for MPDs was only reached with pulsed quasi-steady
thrusters, which have inherent disadvantages such as complicated power conditioning and
cold cathodes, yielding an intolerably high cathode erosion.

However, because of the missing availability of adequate power supplies and vacuum
systems, continuous MPD thrusters were only tested up to some 400kW power level. The
objvctive of this AFOSR contract is to try to raise the operating and testing limits of steady
state thrusteiN up to about 1 MW and to investigate the encountered problems.

On the other hand, this contract is in effect a continuation of the former grants
AFOSR F49 620-82-C-0100, AFOSR-84-0394 [3j and ONR N00014-87-G-0119 [4] which
dealt with lower power steady state MPD thruster development.

The submitted report consists of three parts: in section 2 the experiments with high
power steady state nozzle type and cylindrical MPD thrusters are described. Further, first
results of experiments with hot, glowing anodes in connection with high power steady state
MPD thrusters are described. The Hot Anode Thruster (HAT) was initiated and built under
the above mentioned preceding contracts, but for manpower and hardware reasons, it could
not be tested before 1989. The results are quite promising, so that the lines of investigation
will be followed in future. Section 3 shows the effect of gas purification on the erosion of the
cathode and the difficulties with the thoriated tungsten as cathode material at high current
densities and temperatures. Lastly, in section 4 some improvements in the computer models
and codes compared to the corresponding data given in the final report "Plasma Thruster
Development" of the ONR grant N00014-87-G-01 19 of October 1988 are briefly explained.
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2. Nozzle Type MPD Thrusters

2.1. Thruster Configuration

The DT-thruster configuration, shown in Figure 2.1.1, has been developed from many
years of research and tests done on the nozzle type MPD thrusters at the IRS.

type: DT-IRS

throat length: 17.6 mm

gas inlet A

-- -- cathode lux

gas inlet ,
5 43 2 nd

water cooled neutral segents

Fig. 2.1.1: Configuration of the DT-thruster-head-series at the IRS

The thruster head consists of an anode, a cathode, an arc chamber, and five neutral
segments. The anode and neutral segments are made of copper and are cooled by high-
pressure water. The different versions of the DT-thrusters differ in the nozzle throat
diameter: for the DT2-thrusters the three throat segments have a diameter of 24mm, for the
DT3-thruster this diameter was halved ( 12mm ). The DT5- thruster, under construction has
a diameter of 30mm . All other thruster parameters like for example the throat length are
identical. The outer anode diameter is 142mm. All parts of the anode with greater diameter
are covered with a ceramic insulation, so that the arc's anode attachment region is relatively
well defined.
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The upstream cathode is made of thoriated (2%) tungsten, which is cast in a water
cooled copper rod. Normally it has a diameter of 18mm and is positioned at a distance of
85mm from the exit plane of the thruster.

The propellant is fed mainly through the nozzle chamber, but additional gas can be
injected at the anode ring. The total mass flow rate consists of the cathode and anode gas
fractions. The anode gas, which is 10% of the anode gas during all tests described in this
report, seems to stabilize the arc mainly relative to its symmetry axis.

Except for the tests with hydrogen, where the anode gas wi, argon, the anode gas
species were the same as the cathode gases.

The thruster is installed in a vacuum tank with a length of 5 m and a diameter of 2 m,
which has double, water cooled walls. It is mounted on a thrust balance.

1F-
IT - " --- F

Fig. 2.1.2: Scheme of the thrust balance

This thrust balance is a pendulum thrust balance, positioned on edges. The force is
measured by a wire strain gauge force transducer. The current feed to the balance is achieved
through i-nercury baths. Propellant and cooling water are supplied by nylon hoses which form
large bows in vertical planes. In order to eliminate errors due to electromagnetic and
mechanical interactions, calibration measurements have been performed with the thruster
short circuited and with running cooling water. In addition, the thrust balance is remotely
calibrated always before and after every test, allowing thrust measurements within an error of
less than 2%. The schematic of the thrust stand is shown in Fig. 2.1.2. Further, the current.
the discharge voltage, propellant mass throughflow, the discharge chamber pressure, and
thermal losses for each thruster segment and for the electrodes are measured.
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The data acquisition and control system consists of a multichannel Intercole Spectra
data acquisition system controlled by a PDP 11/73, which also controls the gas valves and
mass flow controllers. The graphical data reduction is done by IBM compatible PCs. Fig.
2.1.3 shows the scheme of the experimental set-up with the different control loops.

high Il'-
Ipressu re I rssure F I

power€cope_ regulator [spectroscopy

supply regulato

power-

system vacuum systen

g.o t l a d printersupply --rverter hadik PDP

system -mmofa contm °.t,- & I adds

J" " '° 4 Dig.out

Fig. 2.1.3: Scheme of the supply and data measuring arrangement
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2.1.2 Experiniental Results

2.1.2.1 Variation of the gas species

At first the characteristic performence data of the DT2-thruster with different gas
species as propellant were measured.

Figure 2.1.4 shows the voltage-current dependence of the DT2-thruster running wkith
different gases: hydrogen, nitrogen and argon.

1 0 0 - 1 1 1 1 1 1 _ _ _ _ I I I

- DT2 +

nA0
8-0 ] 0

++ A

0

0 40- 0

o 0 0

20 oscillation -onset

cathode diameter: 18 mm A 0.8 / N2
10 % anode gas fraction o 0.8 g/s Ar

0 1 3 5 6

Current [kA ]
Fig. 2.1.4: Voltage - current dependence of the

DT'2-Thruster running with various gases

The voltage-current dependence curves are similar for all gases. With increasing
power, a break occurs on each voltage-current line, marking a distinct variation in slope. At
po2er levels above these breaks there is an oscillation onset, where plasma instabilities occur.
These points are marked in the diagram by arrows. Finally one rcaches a point, where the
behavior of the plasma jet changes drastically: the normally diffuse arc anode attachment
concentrates on one spot and because of the high local thermal stress, the anode will be
dcstroTed.
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In chapter '. 1.3 the onset-phenomenon is considered in detail.

I ' I I ' I I I '

10- DT2 A -
8-

cathode diameter: 18 mm A o0

6 10 % anode gas fraction A0
0Z An

' ' 4- (5a

-4-1. 0 +.+n0 [] +++

1:~+++
0

+
2 ++

+] +

+

+ + 0.2 g/s H2

a 0.8 g/s N2

o 0.8 g/s Ar
I ' 1 ' I ' II 'I '

0.4 0.6 0.81.0 2.0 4.0 6.0

Current [ kA ]

Fig. 2.1.5: Thrust - current dependence of the
DT2-Thruster running with various gases

The comparison of the thrust for nitrogen and argon as propellant with the same total
mass flow rates (Fig. 2.1.5) shows a better performance for nitrogen. The decrease of the
thrust for nitrogen at high current values is caused by the plasma instabilities.

Figure 2.1.6 shows the thrust efficiency dependence on the specific impulse for the
different propellants. The thrust efficiency is calculated as

T
2

1T = __&U

where r is the thrust, U and I are the voltage 'nd current respectively and r is the total mass
flow rate of the various gases.
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24- , , - ,
o 0.8 g/s Ar

DT2 A 0.8 g/s N222 + 0.2 g/s H2

A
20- A

C). A ,

S18- A
(D A

q+- 16- o-+ + +

L ;.J A 0 +

- 14- 0 + +
CO) 00 003 [ 0

L. 12-
cathode diameter: 18 mm

-- 10 % anode gas fraction
1 0 - - I I I I I I I I I I I I

0 2 4 6 8 10 12 14 16

Specific Impulse [ km/s ]

Fig. 2.1.6: Thrust efficiency - specific impulse of the
DT2-Thruster

For hydrogen and argon, the thrust efficiency decreases with increasing specific
impulses, in contrast to dependence for nitrogen. Here the thrust efficiency increases until the
onset-point is reached. The highest specific impulse values are reached with hydrogen while
the best efficiency can be reached with nitrogen.

In the next diagrams (Fig. 2.1.7 - Fig. 2.1.9) the heat balance of the DT2-thruster with
various propellants will be compared. For the investigation of the thermal losses in the
thruster, the water flow rates and also the temperatures of all in- and outflowing water are
measured continuously by thermocouples during the tests.

. . . ..., , ,- I I .. ..i
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DT2

250-a
250 cathode diameter: 18 mm

10 % anode gas fraction

U) 200-
U)

-J 150-

TO A A A ~ 05gs
50

0D 100-5C6

9p

0 500

4DT2

1 A 0.8 g/s N2---- [ Anr 0.8 g/s Ar
0 1 1 1 1 i ' I I I I I

0 1 2 3 4 5 6
Current [ kA]

Fig. 2.1.7: Total heat losses vs. current for various gases

15DT2

cathode diameter: 18 mm

S10 % anode gas fraction

+ A 0

-0 100-
OD

U) 
A

0 50- A

+ A 0

O0 A [ 0 + 0.2 g/s H2
+ 0o A 0.8 g/s N20 n o 0.8 g/s Ar

0 15 6

Current [ kA ]

Fig. 2.1.8: Heat loss anode vs. current for various gases
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40-

DT2
cathode dicmeter: 18 mm

' 30- 10 % anode gas fraction 0
0 []-4 -j

0
0

c 20- 0
F-

C/)O0o 0] AA

_1 10- A

Q) [] A 0.8 g/s N2

,3 0.8 g/s Ar_L 0 1 1 -

0 1 2 3 45

Current [ kA ]

Fig. 2.1.9: Heat loss segment 4 (throat) vs. current for various gases

The total heat losses for argon and nitrogen show the same current dependence; they
increase strongly with the current. The most part of the thermal losses occurs at the anode,
Fig. 2.1.8, it amounts to 50% and 70 % of the total losses. While the anode heat losses for
argon are higher than for nitrogen, the throat heat losses show the inverse behavior. The
steep rise of the heat flux into the anode at current higher than the onset point is typical for
the onset, investigated some years ago by Hugel [5].

In Figure 2.1.8 the anode heat losses for hydrogen are also registered, which are
higher than for the other propellants.

The heat flux into segment 4, the inner part of the nozzle throat is depicted in Fig.
2.1.9. It should be noticed that the total constrictor length (and hence the constrictor area) is
twice as long. The steeper rise of the heat flux with argon could probably be explained by the
higher atomic mass of argon, which leads to a quicker expansion of the arc core in the
constrictor [6]. In Figure 2.1.10 the thermal efficiency is plotted against the current. While for
nitrogen the thermal efficiency decreases only slowly to about 65%, for argon it decreases
continuously below 40%.
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1O0
0o 0.8 g/s ArL DT2 

0.8 g/s N290-

> 80-

C
_D 70- A A A AAAA

60- 0000

o 0
301 1E 0

-40.0
Q) cathode diameter: 18 mm

__C 10 %. anode gas fraction
I- 30'so ..' ,

0 1 2 3 45 6
03 46

Current [ kA ]

Fig. 2.1.10: Thermal efficiency vs. current for various gases

From the heat balance at the anode the anode voltage drop can be determined
approximately. The total anode heat loss 6A can be split up in the following components,
neglecting radiation:

6A (UA + 5/2 k Te + ( + Uconv) I

Here UA is the anode drop voltage, Te the electron temperature near the anode, ' the
entry energy of the electrons, Uconv the convective heat transfer, and I the total current input.
For the following results of the anode fall voltage we have made the following assumptions:

- for the electron temperature 15000 K was taken, which is a good estimation,
extrapolated from probe measurements in the immediate vicinity of the anode

- for the work function of the electron into copper 4.62 V
- the convective heat transfer at the anode was determined approximately
from the heat loss of the neighboring neutral
segment according the following equation:

UconvAn = Uconv,RIAAn/AR1

Here AAn and AR, are the surfaces of the anode and the first segment
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40- ,

> -DT2
' ' 30-

Q)

20
0 +

10- + + 4

L • 0

Q) 0£

o ca d m a+ 0.2 g/s H2O cathode diameter 40 0.8 g/s N2
10 % anode gas fraction 2 0.8 g/s Ar

10- 1 1 1 1 1 1
0 12 3 4 5

Current [ kA ]

Fig. 2.1.11: Anode fall voltage vs. current for various gases

Figure 2.1.11 shows the ai.ode fall voltage as a function of the current the various
gases. In the operation range of the thruster below the onset point the fall voltage is relativly
low, normally lower than 2 V for Ar and N2 , but it increases very fast after passing the onset
point. For hydrogen the minimum anode fall voltage is about 10 V higher than the low
continuum of the other gases.

In Fig. 2.1.12 to 2.1.14, photos of the plasma jet of the DT2 for argon and nitrogen are
shown.

Fig. 2.1.12 shows the argon jet side-on, mass flow rate 0.8 g/s, I = 4500 A. A shock
structure can clearly be seen, emerging from inside the nozzle. Fig. 2.1.13 shows the thruster
end-on. The nozzle throat and cathode region are very bright and over-radiate the geometric
contours. Also the anode region is brighter than the neutral segments.

Fig. 2.1.14 shows the nitrogen jet side-on rh = 0.8 g/s, I = 4000 A. The jet is much
brighter than with argon and no Mach structures can be seen. The jet looks more unsteady
than the argon jet, which appears very calm and smooth.
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[iu.2. 12 .\~onplasmia Jet. sidle-on



W75

li2.1. 14: Nitrooen plasma jet, side-oil
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2.1.2.2 Variation of the cathode position and diameter

In the following chapter the influence of the cathode position and the cathode
diameter on the operating conditions of the DT2-thruster are illustrated.

Here the results of varying the position of a cathode with small diameter are presented.
Based on the original, unchanged DT2-thruster, the cathode position relative to the

anode exit plane was varied between 79 mm and 93 mm. The cathode diameter was 14 mm,
the gas propellant was argon with a total mass flow rate of 0.8 g/s, 10% of which was injected
at the anode. For each cathode position two tests were carried out at short intervals, so that
the reproducibility of the results could be verified.

Figure 2.1.15 shows the current dependence of the voltage at the different cathode
positions.

70- ,

DT2 O

60- rf = 0.8 g/s Ar x VIn
- cathode diameter: 14 mm V0 1o°

> ~XV 0 A 0 0
A 0

L 50- XV O 0

2 40 V> cathode position:4 X A 0

0 -V 0 x 92.2 mm
> ' 0 V 89.3 mm

30- o 86.5 mm
Aj 0 & 85.2 mm

- X o 82.1 mm
0 79.3 mm

20- I --1
0 1 2 3 4 5

Current [ kA ]

Fig. 2.1.15: Voltage vs. current at various cathode positions
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All curves show a strong variation in slope at about 4400 A, not depending on the
cathode position. At constant current levels, the arc voltage increases with the cathode
position. Figure 2.1.16 presents the arc voltage as a function of the cathode position at three
current levels. The curves are relatively linear and parallel to each other, which suggests an
almost constant electric field strength in the arc chamber.

D T 2..........
55-

"' 45-

Qi)

o35-
0 35-current:

r n= 0.8 g/s Ar G04000A
cathode diameter: 14 mm 3000 A

25- * 
2000 A

78 80 82 84 86 88 90 92 94

Cathode Position [ mm ]

Fig. 2.1.16: Voltage vs. cathode position at various current levels

By increasing the distance from minimum to maximum, the arc voltage rises by ca. 7V.
Assuming a distance variance of 12.9 mm, an electric field strength of ca. 0.5 V/mm is
obtained.
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8 DT2
r= :0.8 g/s Ar

,& Vtm cathode diameter 14 mm x90n

Z 6- X t

0

5-
_. 4 cathode position:
C-0 n x 92.2 mm

F- 3  A60 v 89.3 mm

v o 86.5 mm

2 A 85.2 mm
VASI] o 82.1 mm

o 79.3 mm

0 1 2 3 4

Current [ kA ]

Fig. 2.1.17: Thrust vs. current for various cathode positions

The thrust against current plot, Fig.2.1.17, shows less distinct dispersions than those of
the voltage lines. Nevertheless it is evident that the minimum distance leads to a lower thrust
than the maximum.

Like the voltage, also the thrust has the tendency to rise slowly with the increasing
cathode position, Fig.2.1.18. The thrust efficiency reaches a maximum at a cathode position
of 85.2 mm, as can be seen in Figure 2.1.19. At high specific impulses the thrust efficiency
decreases rapidly because of the voltage rise. The upper limit of the specific impulse was
about 1100 s.



8 __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _19

6

Cl)

~C 4-

current

m =0.8 g/s Ar G-e4000 A
cathode diameter: 1 4 mm A 3000 A

2- . ~2000 A

78 80 8 2 '84 86 88 90 92 94

Cathode Position [mm ]

Fig. 2.1.18: Thrust vs. cathode position at various current levels

1 7 - 1 1 1 1 1 11 1 1

'-sj 16-

15)

Li

-

u)14 cathod poin:

- 85.2 mm rh 0.8 g/s Ar
-C B--a 82.1 mm

13- G--O 79.3 mm cathode diame 'ter: 14 mmn'

100 360 560 '760 960 11100

Specific Impulse [ S

Fig. 2.1.19: Thrust efficiency vs. specific impulse
at various cathode positions
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DT2
E 10 V1 10 r= 0.8 g/s Ar V AV V

cathode diameter: 14 mm A K ZO

D 100- a 0 xDO
k.._ M 0 0 X 0

3 0 ox 0
U) 90- >
Uf)
c1) Vo 0 x

O_ & cathode position:
80- 080

0 o v ap x 92.2 mm

) VA x V 89.3 mm
-0 70 Mu o 86.5 mm
F & 85.2 mm
U 0 82.1 mm

C 60- X 79.3 mm

-) 0 1 2 3 4 5

Current [ kA ]

Fig. 2.1.20: Chamber pressure vs. current
at various cathode positions

8

> - DT2 V
6-

m'n = 0.8 g/s Ar 0

(D 4- cathode diameter: 14 mm

0 0

0 2-

0 0-

U -& cathode position:
2x 92.2 mm

X V x X V 89.3 mm

-A 0 a 86.5 mm
0 - -  & 85.2 mm
C- - o 82.1 mm

o 79.3 mm< -6- , ,

0 1 2 3 4 5 6

Current [ kA ]

Fig. 2.1.2 1: Anode fall voltage vs. current
at various cathode positions
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Figure 2.1.20 shows the current dependence of the arc chamber pressure. The chamber
pressure increases with the rising current. At constant current levels, especially at lower
current values, the pressure in the arc chamber decreases with increasing cathode positions,
but no clear tendency could be made out.

The anode fall voltages for all cathode positions are within the range of -1 V to -3 V
for current levels below 4 kA. Reaching the unstable running mode above this current value,
the anode fall voltage rises abruptly ( Fig. 2.1.21 ). The cathode position does not influence
the anode fall, so the increase in voltage (Fig.2.1.15) is mainly due to the longer current path.

Now the heat balance and the dependence from the cathode positions will be
investigated in detail.

300-
m = 0.8 g/s Ar DT2

250- cathode diameter: 14 mm
cathode position: 86.5 mm

uO 200-
0

-- J 150-
Q]9 -t-,

Q) 100-0

-o 50-
-- 0 a-- power input

0o--e heat loss
- 0 7 1 1

0 1 2 ,3 4 5 67

Current [ kA ]

Fig. 2.1.22: Comparison of power input and total heat loss

Figure 2.1.22 shows that between 40% and 50% of the total power input will be
eliminated as heat loss in the thruster. At high current values a strong rise in the total heat
loss can be observed, resulting mainly from the increasing heat losses at the anode ( Fig.
2.1.24 ), which is independent of the cathode position.
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160- DT2 yo

_ 140- r = 0.8 g/s Ar
- cathode diameter: 14 mm x 0*o

S120-'0
U) *

U) 100- 00
0 A 0

x 
< 0

80- V
0 x cathode position:

- X 0 x 92.2 mm

40 v 89.3 mm
0 X * 86.5 mm
-J 20- & 85.2 mm0 A:-' , o 8 2 .1 m
IV o 79.3 mm

0- A1 V I I
0 1 2 3 4 5 6

Current [ kA ]

Fig. 2.1.23: Total heat loss vs. current at various cathode positions

10 0- - I I I I I I I 1 ,

- DT2

80 rr = 0.8 g/s Ar 6'
cathode diameter: 14 mm a

Qi)A
-0 60-
0

<

U) 40- cathode position:

0 ) x 92.2 mm
1v 89.3 mm

20 o 86.5 mm
0 OV a 85.2 mm

oi) [ 82.1 mm
-l 0 pv o 79.3 mm

0 1 2 3 4 5 6

Current [ kA ]

Fig. 2.1.24: Anode heat loss vs. current at various cathode positions
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20 n5 0.8 g/s Ar DT2
cathode diameter: 14 mm

_ 16.
0

c- 12

CO 8 cathode position:o x-x 92.2 mm
V-- 89.3 mm

4 -o 86.5 mmSA-A 85.2 mm
(]) a- 82.1 mm

--- e 79.3 mm- - 0 - T- , , ,

0 1 2 3 4 5 6

Current [ kA ]

Fig. 2.1.25: Throat heat loss vs. current at various cathode positions

The total heat loss of the thruster increases with the cathode position, Fig.2.1.23. This
is an effect of the heat losses at the throat segment ( Fig. 2.1.25 ). At cathode positions
further back, the arc chamber pressure will be lower, so that the arc can expand more.
Therefore the thermal stress of the segments, building throat and arc chamber increases. This
can also be seen in Figures 2.1.26 - 29. Here the heat loss of the particular segments at the
minimum, medium and maximum cathode positions are plotted. Especially conspicuous is the
strong rise of the heat loss of the arc chamber at the maximal cathode position.
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Fig. 2.1.26: Segment heat loss vs. current at 79.3 mm cathode position
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Fig. 2.1.27: Segment heat loss vs. current at 85.2 mm cathode position
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Fig. 2.1.28: Segment heat loss vs. current at 92.2 mm cathode position
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Fig. 2.1.29: Throat heat loss vs. chamber pressure
at various cathode positions
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2.1.2.3 Influence of the mass flow rate

Since the previous tests do not indicate a clear advantage for a particular cathode
position, the original position of Sk = 85 mm was taken for this test series. In this test cycle
the mass flow rates were increased step by step from 0.4 g/s to 2.8 g/s argon, 10% of it
injected as anode gas.

Figure 2.1.30 shows the voltage vs. current curves for the different mass flow rates.
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Fig 2.1.30: Voltage vs. current for various mass flow rates

The voltage at constant current levels and also the current value where the voltage rise
starts increase with the mass flow rate.

With higher mass flow rates the current dependence of the thrust will be intensified
( Fig 2.1.31 ). The higher thrust values also improve the thrust efficiency. The tendency is
quite clear: from a very low efficiency (around 10%) obtained with 0.4 g/s, the values increase
to nearly 22% with a 2.8 g/s argon mass flow rate ( Fig. 2.1.32 ). For all mass flow rates an
upper limit of 1100 s for the specific impulse could not be exceeded.
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Fig. 2.1.31: Thrust vs. current at various mass flow rates
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Fig. 2.1.32: Thrust efficiency vs. specific impulse
for various mass flow rates
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At low mass flow rates the current level with the nozzle type DT thrusters is limited by
the onset phenomenon (see page 34 ), at higher mass flow rates by thermal reasons. Figure
2.1.33 shows clearly that although the thermal flux into the throat segment decreases with the
mass flow, at higher current levels (6000 A to 7000 A) it approaches 5 kW/cm2 which we set
as the upper limit for safe tests.

Figure 2.1.34 shows the arc chamber pressure as a function of the current for the
different mass flow rates. Both the absolut value of the pressure and the current dependence
increase with the mass flow rate.
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Fig. 2.1.33: Throat heat flux vs. current
for various mass flow rates
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2.1.2.4 Variations of the cathode diameter

Figure 2.1.35 shows the voltage versus current curve for two cathode diameters.

70 - , 1 1 1,

- DT2
60

> 50-

0 40-

- 30-
0

20-
- 0.8 g/s Ar, position: 79.4 mm, diameter: 18 mm

10 *- 0.8 g/s Ar, position: 79.3 mm, diameter: 14 mm

0 1 2 3 4 5

Current [ kA ]

Fig. 2.1.35: Voltage vs. current at different parameters

A greater cathode diameter, 18 mm compared to 14 mm, results in a higher voltage at
constant current levels. At higher currents, this difference disappears.

The cathode diameter has no significant influence on the thrust ( Fig. 2.1.36 ). The
thrust efficiency of the DT2-thruster with a smaller cathode diameter will be between 1% and
2% better than the thruster with 18 mm cathode diameter, Fig.2.1.37.
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Fig. 2.1.36: Thrust vs. current at different parameters
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Fig. 2.1.37: Thrust efficiency vs. specific impulses
at different parameters
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Fig. 2.1.38: Total heat loss vs. current at different parameters
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Fig. 2.1.39: Anode heat loss vs. current at different parameters
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Fig. 2.1.40: Throat heat loss vs. current at different parameters

Figures 2.1.38-2.1.40 show the total, the anode and the throat heat losses. The cathode
diameter has almost no effect on the thermal losses. Only the heat loss of the throat segment
is slightly higher with greater cathode diameter.
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2.1.3 The Onset-phenomena

As mentioned above the magneto-plasmadynamic thruster reach an unstable mode at
high power levels: the voltage versus current curve rises steeply and therefore the thrust
efficiency decreases. At a current level somewhat above this break in the voltage curve,
oscillations of the plasma can be detected in low and high frequency ranges. These onset
oscillations were measured with an electrical probe and analysed by a fast fourier
transformation to get the frequency spectrum. Figure 2.1.41 shows such an spectrum for the
DT2-Thruster, running with 0.8 g/s argon at a current level of 4962 A.
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0 I I I

0 1 2 3 4 5
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Fig. 2.1.41: Frequency spectrum of plasma oscilations
at the DT2-Thruster

Figures 2.1.42 - 2.1.43 show the dependence of the current at the oscillation onset on
the cathode position and cathode diameter.
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The current of the oscillation onset does not depend on the cathode position, it is
constant over the whole variation range. Also the cathode diameter has no influence on this
current level.

The rise of the anode voltage (Fig.2.1.44) characterizes the onset phenomenon, the
arrows show the point of oscillation occurence.

Taking these critical currents as a function of the mass flow, they yield an almost linear
function, Fig.2.1.45.

Reducing them according to the correlation factor A = I 2 /rh the critical correlation
value can be calculated with:

Acrit = 2,4 * 1010 A2s/kg

With this value, the onset current curve is calculated and also depicted in diagram
2.1.45. It fits very well with the measured curve, indicating that this Acrit is a relatively good
constant.

First spectroscopic measurements, done at the DT2-thruster running with 0.8 g/s
argon, show that in the current range where the voltage rises the second ionisation of the
argon atoms starts.

The plasma instabilities will be investigated in more detail theoretically and
experimentally at the IRS in the next research period.
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2.2 Hot Anode Thruster

A substantial part (= 30-50%) of the input power of an MPD thruster is consumed in
the anode. Thus, a decrease in these anode losses would raise the performance of these
devices.

Former investigations of MPD thrusters with radiation-cooled anodes showed higher
thermal efficiencies than those with water-cooled ones, but they were used only with thrusters
of a much lower power level and mainly of the applied magnetic field type.

The "Hot Anode Thruster" (HAT) is an attempt to use these advantages of radiation-
cooled anodes for thrusters in the power class of 200 kW. Its schematic is shown in Fig.2.2.1.
In order to provide a sufficiently large area to radiate the anode input power, the anode
flange has a diameter of roughly 40 cm. It is made of thoriated tungsten; the areas not
intended to be loaded by the current are covered by tantalum carbide, which is a relatively
weak insulator. This coating insulates the radiating anode areas and at the same time
increases the coefficient of emissivity by about a factor of 2 versus pure tungsten.

The hot anode is shielded from the other parts of the thruster by a water-cooled copper
plate, which is diffusion welded and forms one of the neutral rings of the nozzle.

r . .. .cathode

F

F ig. 2.2. 1: Configuration of the "Hot Anode Thruster" (HAT)
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The current is fed to the anode by 16 screws made of TZM, a molybdenum alloy, which
at the same time act as mounting support for the heavy anode flange. In order to compare
the experimental results with those of the water-cooled DT type thrusters, it is designed as
closely as possible in the form of the "normal" nozzle type thruster DT2.

Due to the broader anode and first cooling segment, the cathode was put in the same
position in respect to the nozzle throat as with thruster DT2. This results in a longer current
path, which should yield a somewhat higher voltage than with the "bench-mark" water cooled
device.

First experiments are presented in the following diagrams. All experiments were
performed with argon. The experimental procedure was as follows: to avoid large
temperature gradients, the discharge was ignited at low currents (and hence low power). The
current level was held constant for about 10-20 minutes, till the temperature distribution on
the anode was constant. Then the current level was raised, etc. The maximum discharge
power with these first tests was restricted to about 90-100 kW, due to severe cooling problems
of the vacuum tank, which will be solved in the next research period. Fig.2.2.2 shows typical
warming up cycles, Fig.2.2.3 shows the temperature distribution on the anode. The indicated
power levels are those of the discharge power.
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Fig. 2.2.2: Heating phases of the HAT
running with dh = 0.3 g/s argon
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Fig. 2.2.4 to 2.2.6 show the voltage - current characteristics with 0,8 g/s argon as
propellant compared to the water-cooled DT2-thruster. In the very first run, Fig. 2.2.4, the
voltage was only slightly lower than with the DT2, but in further runs, like those depicted in
Fig. 2.2.5 and Fig. 2.2.6 ,there was a clear difference of about 5 to 10 V.

This difference or "run-in" effect could not yet be explained. The lower discharge
voltages shown in the later HAT runs promises to achieve improvements in efficiency, so in a
further research period the HAT will be put on a thrust stand.

The power input into the anode could only be estimated. In Fig. 2.2.7 the heat flux into
the cooling plate is depicted as a function of the discharge power, an almost linear function. If
one assumes that the anode flange radiates approximately as much at the front side as at the
rear side, the power into the anode would be about one third of the discharge power.
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Fig. 2.2.7: Heat loss into the cooling plate

The temperature of the anode flange, measured with a pyrometer at the marked point
in Fig. 2.2.3, is shown as function of the power and for the cooling phase as function of time
for the propellant flow of 0.8 g/s and 0.3 g/s, Fig. 2.2.8 and 2.2.9. The maximum temperature
reached was ca. 1600'C, and was limited by severe cooling problems of the vacuum tank.
fig. 2.2.10 shows a typical cooling down curve of the anode after a run. The photo 2.2.11
shows the HAT in operation, fn = 0.8 g/s. The emissivity for tungsten was chosen E = 0,45,
the emissivity of the TaC coating = 0,9.

With the water-cooled DT2 the onset of oscillations occurs with 0.3 g/s argon at
2400 A. With the HAT at 2500 A, the maximum current in this run, the onset was not vet
noticed and the slope of the U, J curve was not as steep as with the DT2-thruster.
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2.3 Cylindrical MPD Thruster

In contrast to the nozzel type MPD thrusters, which are in effect hybrids of pure MPD-
and thermal arcjets, cylindrical thrusters are predominantly MPD devices. Therefore, they
should give better insight into the mechanisms of MPD gas acceleration than the complex
MPD arcjets. Further, the elongated electrodes should yield a relatively radial current
distribution and therefore it is hoped to reduce the pinch effect found to be an essential factor
affecting the anode mass starvation, according to the calculations of Hcigel [5] and the
Princeton [7] experiments. This may also be an explanation for the good performance results
obtained with cylindrical thrusters in a pulsed operation mode at Princeton [8]. To prove
these assumptions, a laboratory cylindrical MPD accelerator for high power and steady state
operation was built and tested. The main emphasis of the experiments with this thruster
during the contract period should have been high current experiments. However, due to
cathode failures, which are described in a separate paragraph, the current limit was only
about 8000 A. In a further research period, with redesigned cathode, it is hoped to overcome
these constraints.

zzCHAMBER PRESSURE 15(0 sm 90 0 m

Fig. 2.3.1: Configuration of the MPD-Thruster ZT1
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Thruster

The ZT1 thruster, shown in Fig. 2.3.1 is a pure laboratory model which has a modular
construction to allow as many geometrical variations as possible. The thrustei consists of a
plenum chamber of 70 mm in diameter, which is divided into five copper rings of similar size,
and a backplate. The last three downstream rin-s can be connected as anode; the current
through each anode ring is measured separately. The reason for this partition is to give some
insight into the anode current distribution. One of the neutral segments is supplied with a
feed-through hole, which can serve as a part of the pressure gauge, as used in the experiments
described in this paragraph, or as location for pyrometric cathode temperature measurement
through optical fibres. The cathode, which is 220 mm long and 18 mm in diameter, is a 2%
thoriated tungsten rod with a casted copper base. The cathode is built as a displaceable one
and can be positioned during the experiment with a remotely controlled electromotor. The
cathode is guided in boron nitride pivot upstream of the water cooled backplate. All parts but
this ceramic pivot are individually water cooled. Two propellant ports are anticipated in a slit
around the cathode and at the anode radius respectively, both at the backplate.

Vacuum Tank

The thruster is mounted in a partially water-cooled steel tank of 2 m diameter and 3 m
length, which is connected to the 200,000 m3 /h plus vacuum pumping system. The tank is
supplied with 9 windows, including one with optical glass for pyrometer measurements and
one for end-on sight. Among the different feed-throughs are four for high currents up to
10 kA. The power supply is a current regulated rectifier with a maximum current of 48 kA and
a maximum power output of 6 MW which allows a potential free use. No thrust measurement
is foreseen at present, but will be implemented in future research periods.

Measurement System

The measured data were: The discharge voltage and the currents through the three
anode segments. To avoid grounding the power supply, isolation amplifiers have to be used.
The two propellant flows were determined by Tylan mass flow controllers. The cooling water
flows and their temperature rises were measured to calculate the losses in the different
neutral and anode segments and hence the anode fall voltage. The cathode position was
measured by a potentiometer and the temperature of the cathode tip with a spectral
pyrometer. The tank pressure was monitored by a Granville Phillips Convectron gauge. The
discharge plenum pressure was measured with a Hottinger and Baldwin differential pressure
gauge and the tank pressure was added. All data were registered by an Intercole multi-
channel data acquisition system controlled by a DEC PDP 11/73, where the data were
reduced and stored.
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High Current Experiments

Two high current runs were performed, but had to be terminated because of cathode
failure, as mentioned above.

The normal procedure of the test was as follows: The cathode was positioned with the
cathode tip protruding about 10 mm from the backplate (z= 140). The gas flow was set and
the discharge was ignited with a Paschen breakdown at a set current of about 2000 A. The
discharge needed about 1 to 2 seconds to stabilize; that means that the tip glowed.
Figures 2,3.2a and 2.3.2b depict two examples of such an ignition for a retracted and forward
cathode position. With the thermionic emission (see chapter 3) the current stabilizes and
becomes smooth and elongated. Then the current was raised to 4000 A and the cathode was
shifted to the foreseen position by a motor with a velocity of about 1 mm/s.

In Fig. 2.3.3 to 2.3.8 the results are depicted for 4 g/s argon, divided 1:1 between the
anode and cathode propellant inlets. Fig. 2.3.3 shows the evolution of the c-irrent distribution
on the three anode rings on a time profile. The first part up to the indicating arrow describes
the ignition and the positioning part of the cathode, the second part of the diagram shows the
evolution of the anode current distribution during increasing current at the foremost cathode
position x=0 mm.

Directly after ignition, most of the current goes into the anode segment 3, the rear ring.
Moving the cathode downstream leads to a shifting of the anode current attachment to the
front anode ring, but now with a more even distribution between the three anode rings. The
arc was ignited with a mass flow of 2 g/s. When stable conditions had been reached, the mass
flow was raised to 4 g/s. The gap in Figures 2.3.3 and 2.3.4 indicates the time to set the new
mass flows. The higher mass flow does not change the discharge voltage significantly. Raising
the current up to ca. 8000 A does not change the current distribution essentially, except for
some minor rearrangements. Only when the current is above 7500 A, it seems to concentrate
at the front ring. Figure 2.3.4 shows the corresponding voltage. During the shifting of the
cathode, the voltage declines from 33 V to 18 V (with a constant current of 4000 V) due to the
shortening of the current path. The current rise from 4 to 8 kA effects only an almost linear
voltage rise of 1.5 V, Fig. 2.3.5.

In Fig. 2.3.6 to 2.3.8 a similar run is plotted, in which the discharge was ignited with an
elongated cathode (x=0 mm). After ignition, almost no current is taken by anode ring 3
(rearmost anode ring), but almost 3/4 by the front ring. After a relatively quick current rise to
4000 A, the current distribution rearranged in ca. 40 see to a roughly even distribution, which
remained with the current rise up to ca. 8 kA. The voltage does not differ from the above
described case. Also here the mass flow was raised from 2 g/s (during ignition) to 4 g/s,
indicated by the gap in the curves of Fig.2.3.5 and 2.3.6.

b . ,m m m. - mmmnl. m- I m ml
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Plenum Pressure

The plenum pressure was measured at a position 1 cm in front of the backplate, which
is indicated in Fig. 2.3.1. For two mass flows, 0.8 g/s and 4.0 g/s argon, Fig. 2.3.9a,b and
2.3.1Oa,b, divided 1:1 between the anode and cathode propellant inlets, the plenum pressure is
depicted, parallel to the discharge voltage, as a function of cathode position. The mass flow,
being higher by a factor of five, effects also a higher pressure level, but only by about a factor
of two.

The pressure corresponds to the voltage, and hence it is an almost linear function of
the discharge power, Fig. 2.3.11. It is about one order of magnitude smaller than with the
nozzle type DT thrusters, where the cathode is confined in an arc chamber.
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Protruding Cathode

In a further experiment, one neutral segment was removed, so that with a fully shifted
cathode, the cathode protruded from the anode.

In Fig. 2.3.12a the anode current distribution during the shifting of the cathode is
depicted for a total current of 4000 A. At a rear position, 3/4 of the current enters the anode
ring 3, and when the cathode is moved downstream, this distribution rearranges totally.
Protruding the cathode out of the anode plane augments this process further: at position x = -

10 mm, 3/4 of the current now enters the anode ring 1, and less than 5% the anode ring 3.
The corresponding discharge voltage, Fig. 2.3.12b, first decreases with advancing

cathode and increases slightly when the cathode tip reaches the anode plane. In Fig. 2.3.13 the
variation of the discharge voltage with the current for a retracted cathode is compared to that
of a protruded cathode. The voltage with the protruding cathode is almost constant and about
2/3 of that in the retracted case.
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3. Cathode Phenomena

3.1 Erosion

In a previous research period [9] the erosion of MPD devices was investigated
systematically. It was shown that two different modes must be distinguished (old erosion rates
for argon as propellant in parentheses):

- ignition phase, determined by the cold cathode and by a spotty arc attachment
k = 13 pg/C). It ends when the cathode is hot enough to transit into thermionic emission.
This is indicated by a sudden decrease in voltage, together with an increase in current (power
supply response), depicted in Fig. 3.1. The photo in Fig.3.2 shows a sequence out of a high
speed movie (2000 frames/s) of the ignition of the ZT1 with the cathode in forward position.
The sequence shows the cathode shortly before the transition to the thermionic mode: it
already glowed faintly, but the bright "hopping" arc attachment spots can still be seen. The
photos also show clearly that the plasma jet has not stabilized as in the "glowing phase".

- Cur r ent

I I ' c o~

it /

I DT2

Trred 9s]

Fig. 3.1: Current and voltage transients during ignition phase
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- steady state phase determined by thermionic emission (E = 0.03 pg/C)

The above mentioned values had been reached with commercial welding argon, which
was used directly. To avoid possible oxidation effects, which could augment erosion, in a new
test series the welding argon was replaced by argon of purity grade 4.8 (- 99.998%).
Additionally, the gas is cleaned by a drying and deoxigenation process ("Oxisorb" from
Messer-Griesheim). With these means the following new erosion rates have been measured
with argon:

- ignition phase: 6-7 pg/C
- thermionic phase: 1-2 ng/C

The erosion rates in the thermionic case are in the order of magnitude of the
sublimation rate: using the formulas from [9] and the vapor pressure data from [10] and
assuming current densities in the order of 107 A/im2, which corresponds to the thruster
conditions, the erosion rates depicted in diagram 3.3 are obtained. With these assumptions 2
ng/C corresponds to a cathode temperature of ca. 2800'C.

The vapor pressure was calculated according the following equation:

lg pv = (-0.2185-a/T ) + b

with a = 184099.8 and b = 9.230394 (Handbook of Chemistry and Physics, 51st edition).

The sublimation rate was calculated according to the modificated Dushman equation:

s(T) == ,bL - vM p (T)[Tkg]

In the further research periods these results as well as the influence of different species of
propellants will be investigated systematically.
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3.2 High Current Cathode Damages

The typical cathode used in our steady state devices consists of a 2% thoriated tungsten
rod - 50 mm (DT geometry) to 180 mm (ZT geometry) long and 12 to 18 mm in diameter,
which is either clamped or, for higher current operation, cast in a water-cooled copper base.

At high current densities within the cathode (6000 A with a 14 mm o and 8000 A with
18 mm o), severe damages have been encountered with all thruster geometries. The cathode
cracks and starts to melt, but not at the tip, where the heat transfer to the cathode is high and
the maximum temperature was expected, but closer to the end of the tungsten part, near to
the water-cooled copper base.

An example, a DT-cathode, is shown in Fig.3.4. The melting begins inside the cathode,
and because of the higher vapor pressure the cathode is "blown up". These "bubbles" crack
and molten material flows out.

Fig. 3.4: Damaged cathode of the DT2-Thruster, current ca. 6500 A
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Fig. 3.5: Metallographic cut through the damaged cathode

To clarify the reason for this behavior, cathodes will be investigated metallurgically in
the neighboring Material Testing Institute in the follow-up research period. A first result is
shown in Fig.3.5. A metallographic cut of the damaged cathode shown in Fig. 3.4 was
prepared in a longitudinal direction. It was inspected in a scanning electron microscope
(SEM) using secondary electrons, back-scattered electrons and x-ray microanalysis (energy
dispersive and wave-length dispersive respectively).

The unaffected base material is characterized by a more or less homogeneous
distribution of Th0 2 particles in the tungsten matrix, with diameters up to about 5/ m and
10 pm in the transverse and the longitudinal direction respectively. During operation the
structure of the material changes depending on the local temperature. In regions of obviously
relatively low temperature the Th0 2 particles show the tendency to spheroidize without
changing their distribution or average size. In the region of the highest temperature the
material melts, forming voids of diameters up to about 3 mm. The inner surface of these voids
is covered with a layer of pure thorium oxide, about 0.05 mm to 0.15 mm thick. The
dendritically resolidified material is of pure tungsten and does not contain any Th0 2 particles.
In the temperature region below the melting temperature, recrystallization of the tungsten
matrix occurs as well as a nearly perfect spheroidization and a considerable coarsening of the
Th0 2 particles to diameters up to about 0.1 mm. This phenomenon is especially pronounced
on the cathode tip side of the melted zone, and it is possibly a step which precedes the melting
of the material.
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4. Numerical Modeling of the Flow in MPD Accelerators

For geometry optimization of continuous self-field MPD thrusters, a stationary semi-
two-dimensional computer code has been developed (Partly under contract AFOSR-86-0337)
[11,12]. The extended Ohm's law is used to calculate the current contour lines. A one-
dimensional, two-component expansion flow model is employed to obtain the velocity,
pressure and heavy particle temperature distributions for calculating the gas properties. By
means of the electron energy equation, the electronic temperature distribution is obtained.

The expansion flow inside the nozzle was assumed to be adiabatic for the ions and
isothermal for the electrons. Outside the nozzle the expansion flow was considered hyperbolic
and adiabatic for both components. Inside the nozzle of the thruster, the radial heat
transportation is taken into account. The propellant used in this code is argon. In order to
compare the results of the computations with measurements in a vacuum tank with residual
gas pressure, this high temperature (T_ = 10000 K) residual gas is included into the model
with an estimated free stream boundary.

.) Flow Field Equation

The flow field is taken as a one-dimensional, frictionless expansion flow, assuming
adiabatic behavior for the ions and isothermal for the electrones within the whole thruster.
The equation of state together with the continuity and Bernoulli equations yield the following
expansion equation:

-K P( ln(-)1l(-)-)-(m) 2 = 0

Herein, the indice c indicate the chamber conditions.

b) Electromagnetic Equation

Rewriting Ohm's law by means of Maxwell's equations, a vector equation for the
magnetic induction vector B is obtained in the form:

1 1 _ 1 
-Vx( xB) -Vx( xB)+ -Vx((VxB) x B) 0
Y-o 0" A0

Here is a the electric conductivity, B the Hall factor and u o the permeability in vacuum.

The electromagnetic equation is solved by a Gauss-Seidel iteration. The coupling to
the flow field and the electron energy equation is achieved implicitly by calculating the plasma
parameter.
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c) Electron Energy Equation

For calculations in thermal non- equilibrium an electron energy equation is developed
to determine the electron temperature distribution. Therefore, a two-dimensional, cylindrical
and curvilinear code was written for the electron energy distribution corresponding to the flow
field and the discharge code.

S+ne6'.V 3 kT, +pV +V6q 0
01 (

Here q includes the heat flux due to the electron temperature gradients and the diffusion
heat flux in the electron gas.

The electron energy equation is solved by a Gauss-Seidel iteration.

d) Numerical Results

In order to achieve a geometry optimization, two geometrical thruster coufigurations
have been investigated experimentally. The throat diameter was changed from 24 mm to
12 mm at the thrusters (Fig. 2.1.1). In parallel, calculations were done for the different throat
geometries. Fig. 4.1 and Fig. 4.2 shows the electron temperature and the potential lines for a
mass flow rate of 0.8 g/s argon and for a current of 2 kA for both throat diameters. In Fig. 4.1
is the maximum electron temperature 37770 K for the big throat diameter and 51117 K for
the small throat diameter. The voltage grows up from 39.7 V to 76.6 V at nearly the double
value from the big to the small throat diameter (Fig. 4.2).

In the scientific report for the following research programm, this and other related
codes wil be described in more detail.
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